RNA-seq has emerged as an important technology for measuring gene expression in peripheral 27 blood samples collected from humans and other vertebrate species. In particular, transcriptomics 28 analyses of whole blood can be used to study immunobiology and develop novel biomarkers of 29 infectious disease. However, an obstacle to these methods in many mammalian species is the 30 presence of reticulocyte-derived globin mRNAs in large quantities, which can complicate RNA-seq 31 library sequencing and impede detection of other mRNA transcripts. A range of supplementary 32 procedures for targeted depletion of globin transcripts have, therefore, been developed to alleviate 33 this problem. Here, we use comparative analyses of RNA-seq data sets generated from human, 34 porcine, equine and bovine peripheral blood to systematically assess the impact of globin mRNA on 35 routine transcriptome profiling of whole blood in cattle and horses. The results of these analyses 36 demonstrate that total RNA isolated from equine and bovine peripheral blood contains very low 37 levels of globin mRNA transcripts, thereby negating the need for globin depletion and greatly 38 simplifying blood-based transcriptomic studies in these two domestic species. 39 40 subunit alpha 1, subunit alpha 2 and subunit beta genes (HBA1, HBA2 and HBB) (Wu et al., 2003; 74 Field et al., 2007; Mastrokolias et al., 2012). 75
Introduction

41
It is increasingly recognised that new technological approaches are urgently required for 42 infectious disease diagnosis, surveillance and management in burgeoning domestic animal 43 populations as livestock production intensifies across the globe (Thornton, 2010; Nabarro and 44 Wannous, 2014; Animal Task Force, 2016). In this regard, new strategies have emerged that 45 leverage peripheral blood gene expression to study host immunobiology and to identify panels of 46 RNA transcript biomarkers that can be used as specific biosignatures of infection by particular 47 pathogens for both animal and human infectious disease (Ramilo and Mejias, 2009 High-throughput transcriptomic profiling of whole blood samples can be performed using total 58 RNA purified from conventional venous blood collection tubes containing anticoagulants (e.g. 59 K 3 EDTA, lithium heparin or sodium citrate) or with total RNA generated from dedicated RNA 60 stabilisation blood collection tubes such as PAXgene ® (PreAnalytiX/Qiagen Ltd.) or Tempus ™ 61 (Thermo Fisher Scientific). However, a major hindrance to whole blood transcriptomics studies is 62 the presence of large quantities of globin mRNA transcripts in peripheral blood from many 63 mammalian species (Wu et al., 2003; Fan and Hegde, 2005; Liu et al., 2006) . This is a consequence 64 of abundant α globin and β globin mRNA transcripts in circulating reticulocytes, which in humans, 65 may account for more than 95% of the total cellular mRNA content in these immature erythrocytes 66 (Debey et al., 2004) . Reticulocytes, in turn, account for 1-4% of the erythrocytes in healthy adult 67 humans, which corresponds to between 5 × 10 7 and 2 × 10 8 cells per ml compared to 7 × 10 6 cells 68 per ml for leukocytes (Greer et al., 2013) . Hence, globin transcripts can account for a substantial 69 proportion of total detectable mRNAs in peripheral blood samples collected from humans and many 70 humans, more than 70% of peripheral blood mRNA transcripts are derived from the haemoglobin 73 directly from the study authors (Choi et al., 2014) . A published RNA-seq data set (Ropka-Molik et 98 al., 2017) from equine non-depleted peripheral whole blood was obtained from the NCBI GEO 99 database (accession number GSE83404). Finally, bovine RNA-seq data from peripheral whole 100 blood were generated by us as described below and can be obtained from the NCBI GEO database 101 (accession number to be determined). A summary overview of the methodology used for the current 102 study is shown in Figure 1 . Supplementary Table 1 provides summary information on the human, porcine and equine samples 108 and RNA-seq libraries. 109
In brief, for the human samples, peripheral blood from six healthy subjects (three females and 110 three males) was collected into PAXgene blood RNA tubes (PreAnalytiX/Qiagen Ltd., Manchester, 111 UK). Total RNA, including small RNAs, was purified from the collected blood samples using the 112 PAXgene Blood miRNA Kit (PreAnalytiX/Qiagen Ltd.) as described by Shin et al. (Shin et al., 113 2014) . Human HBA1, HBA2 and HBB mRNA transcripts were depleted from a subset of the total 114 RNA samples using the GLOBINclear kit (Invitrogen ™ /Thermo Fisher Scientific, Loughborough, 115 UK). RNA-seq data was then generated using 24 paired-end (PE) RNA-seq libraries (12 undepleted 116 and 12 globin-depleted) generated from the six biological replicates and six technical replicates 117 created from pooled total RNA across all six biological samples. The multiplexing and sequencing 118 was then performed such that data for the 12 samples in each treatment group (undepleted and 119 globin depleted) was generated from two separate lanes of a single flow cell twice, for a total of 120 four sequencing lanes (Shin et al., 2014 Core using a pipeline that simultaneously demultiplexed and converted pooled sequence reads into 173 discrete FASTQ files for each RNA-seq sample with no barcode index mismatches permitted. The 174 RNA-seq FASTQ sequence read data for the bovine samples were obtained from the MSU RTSF 175
Genomics Core FTP server. 176
RNA-seq data quality control and filtering/trimming of reads 177
Bioinformatics procedures and analyses were performed as described below for the human, (2) removal of SE or PE reads of poor quality (i.e., at least one of the reads containing ≥ 25% bases 191 with a Phred quality score below 20); (3) for porcine samples only, 10 bases were trimmed at the 3' end of all reads; (4) removal of SE or PE reads that did not meet the required minimum length (70 193 nucleotides for human and equine, 80 nucleotides for porcine and 100 nucleotides for bovine). 194 Filtered/trimmed FASTQ files were then re-evaluated using FastQC. Filtered FASTQ files were 195 transferred to a 36-core/64-thread Compute Server (2× Intel ® Xeon ® CPU E5-2697 v4 at 2.30 GHz 196 with 18 cores each), with 512 GB of RAM, 96 TB SAS storage (12× 8 TB at 7200 rpm), 480 GB 197 SSD storage, and with Ubuntu Linux OS (version 16.04.2 LTS). 198
Transcript quantification 199
The Salmon software package (version 0.8.2) (Patro et al., 2017) was used in quasi-mapping-200 mode for transcript quantification. Sequence-specific and fragment-level GC bias correction was 201 enabled and transcript abundance was quantified in transcripts per million (TPM) for each filtered 202 library (multiple lanes from the same library were processed together) was estimated after mapping 203 of SE or PE reads to their respective reference transcriptomes. 204
As summarised in Table 1 , the current annotations for equine and porcine haemoglobin subunit 205 alpha genes are inconsistent. Therefore, transcript quantification was divided into two parallel 206 analyses as follows: (1) a primary analysis that used NCBI RefSeq reference transcript models for 207 the human, porcine, and bovine data sets, and where the Table Browser data Supplementary Table 3 . 212 
Gene annotations and summarisation of TPM estimates at the gene level
Status of human, porcine, equine and bovine haemoglobin gene annotations 239
Annotation of the haemoglobin subunit alpha 1 and 2 genes (HBA1 and HBA2, respectively) is 240 well established for the human genome; however, annotations for the porcine, equine and bovine 241 genomes are inconsistent. The equine HBA1 and HBA2 genes were either absent from the current 242 NCBI annotation release (NCBI Equus caballus Annotation Release 102, November 2015) or were 243 not annotated in the reference assembly (EquCab2.0, October 2007), despite both being assigned an 244 NCBI Entrez Gene ID. In addition, equine HBA1 and HBA2 were also absent from the Ensembl 245 database. To the best of our knowledge, and at the time this analysis was performed, the UCSC 246 For the NCBI RefSeq genome annotations, porcine HBA has been assigned to two loci 254 (LOC110259958 and LOC100737768) that have similar descriptions (haemoglobin subunit alpha 255 and haemoglobin subunit alpha-like). Therefore these locus symbols were used ( Table 1) . Equine 256 HBA is described as haemoglobin subunit alpha 1 and is referred to here as HBA1; whereas bovine 257 HBA is described as haemoglobin subunit alpha 2 and is referred to here as HBA2. In contrast to 258 this, the haemoglobin subunit beta (HBB) genes for the four species are well annotated in Ensembl, 259 NCBI RefSeq and UCSC Genome Browser databases ( Table 1) . 260
Basic RNA-seq data outputs 261
Unfiltered SE (equine libraries) or PE (human, porcine, and bovine libraries) RNA-seq FASTQ 262 files were quality-checked, adapter-and quality-filtered prior to transcript quantification. As shown in Table 2 Supplementary Table 4 . 275
RNA-seq mapping 276
In the primary analysis, human, porcine and bovine data sets all exhibited a mean mapping rate 277 greater than 70% (Table 2) . Conversely, for the equine data set, a mean mapping rate of only 11.5% 278 was observed when the UCSC refGene resource was used as the reference transcriptome ( Table 2) . 279 This can be explained by the smaller number of entries-a total of 1,875 RNA sequences-in the 280 UCSC equCab2 reference transcriptome file ( Supplementary Table 3 ). This problem was resolved 281 for the secondary analysis by using the NCBI RefSeq reference file, which had 42,199 entries and 282 yielded a mean of 71.4% mapped reads ( Table 2) . Supplementary Tables 5 and 6 contain sample-283 specific RNA-seq mapping statistics for the primary and secondary analyses, respectively. Notably, 284 the UCSC reference mRNA data is based on weekly GenBank updates; therefore, the difference in 285 the numbers of RNA sequences between UCSC and NCBI RefSeq reference files is due to the 286 former resource including only accession numbers from known RefSeq records (NM_ and NR_ 287 prefixes), whereas the latter includes both known and model RefSeq accessions (NM_, NR_, XM_, 1 3 and XR prefixes). More information about the NCBI annotation pipelines is available at the 289 following link: https://www.ncbi.nlm.nih.gov/refseq/about. 290
Transcript quantification 291
Transcript-level TPM estimates generated using the Salmon tool were imported into the R 292 environment and summarised at gene level with the package tximport. Gene-level TPM estimates 293 represent the sum of corresponding transcript-level TPMs and provide results that are more accurate 294 and comprehensible than transcript-level estimates (Soneson et al., 2015) . In the current study gene-295 level TPM estimates are referred as TPM and genes were considered expressed when mean TPM ≥ 296
297
In the primary analysis, undepleted and globin-depleted human samples exhibited mean numbers 298 of 11,577 and 11,946 expressed genes, respectively-corresponding to a 3.2% increase after globin 299 depletion. Porcine samples showed a substantially larger increase of 19.6% in expressed genes after 300 globin depletion with a mean of 9,167 genes, compared to 7,666 genes before depletion. The equine 301 and bovine samples, which did not undergo globin depletion, exhibited mean numbers of 860 and 302 12,275 expressed genes, respectively. However, for the secondary analysis that used the NCBI 303
RefSeq reference file, the equine samples exhibited a mean of 11,587 expressed genes. The 304 numbers of expressed genes in individual samples are provided in Supplementary Table 7 for blood samples for the current study averaged 68% (Figure 3 and Supplementary Table 7 ), which is 320 substantially lower than the mean proportion of 81% reported by Shin et al. (2014) . On the other 321 hand, after depletion the human samples exhibited an identical reduction to a 17% proportion of 322 globin sequence reads in both the present study and that of Shin et al. (2014) (Figure 3 and 323 Supplementary Table 7) . 324
In the current study, for the undepleted porcine peripheral blood samples, the percentage of 325 haemoglobin gene transcripts (LOC110259958 [HBA], LOC100737768 [HBA], and HBB) observed 326 as a proportion of the total expressed genes was 72% (Figure 3 and Supplementary Table 7) , which 327 is considerably larger than the mean of 46.1% reported in the original study (Choi et al., 2014) . 328
Similarly, after depletion, the porcine samples in the present study contained a mean proportion of 329 22% globin transcripts (Figure 3 and Supplementary Table 7) The equine and bovine peripheral blood samples, which did not undergo globin depletion, had 346 extremely low proportions of haemoglobin gene transcripts (HBA1, HBA2, and HBB) to total 347 expressed genes: 0.79% and 0.17%, respectively (Figure 3 and Supplementary Table 7 ). In this 348 regard, expression of HBA1 in four bovine samples was actually so low that it was excluded by the 349 filtering threshold of TPM ≥ 1 ( Table 3 and Supplementary Table 7 ). Notably, similar results have 350 been reported in a transcriptomics study of bovine peripheral blood in response to vaccination 351 against neonatal pancytopenia. In that study, 12 cows were profiled before and after vaccination (24 352 peripheral blood samples in total), and a mean proportion of 1. The RNA-seq data generated for this study using peripheral blood from ten age-matched healthy 379 male Holstein-Friesian calves can be obtained from the NCBI GEO database (accession number to 380 be determined). 381 382
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